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Generation of single photons from an atom-cavity system
Martin Mu¨cke,∗ Joerg Bochmann,† Carolin Hahn, Andreas Neuzner,
Christian No¨lleke, Andreas Reiserer, Gerhard Rempe, and Stephan Ritter‡
Max-Planck-Institut fu¨r Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany
A single rubidium atom trapped within a high-finesse optical cavity is an efficient source of
single photons. We theoretically and experimentally study single-photon generation using a vacuum
stimulated Raman adiabatic passage. We experimentally achieve photon generation efficiencies of up
to 34 % and 56 % on the D1 and D2 line, respectively. Output coupling with 89 % results in record-
high efficiencies for single photons in one spatiotemporally well-defined propagating mode. We
demonstrate that the observed generation efficiencies are constant in a wide range of applied pump
laser powers and virtual level detunings. This allows for independent control over the frequency
and wave packet envelope of the photons without loss in efficiency. In combination with the long
trapping time of the atom in the cavity, our system constitutes a significant advancement toward
an on-demand, highly efficient single-photon source for quantum information processing tasks.
PACS numbers: 42.50.Pq, 42.65.Dr, 32.80.Qk, 03.67.Hk
I. INTRODUCTION
Single photons as carriers of quantum information are
at the heart of many quantum information processing
protocols. A prime example is the proposal of Knill,
Laflamme and Milburn [1, 2] which relies on deterministic
single photon sources and linear optical elements for the
realization of conditional quantum gates. Furthermore,
single photons are also very well suited for the distribu-
tion of information between distant nodes in a quantum
network [3, 4] because of their weak interaction with the
environment.
The generation of single photons has been studied in
a large variety of physical systems [5]. Parametric down-
conversion (PDC), for example, is a workhorse in the op-
tics community, but sources of pure single photons based
on PDC suffer from a fundamental efficiency limit of 25 %
[6]. In this respect, single emitters are not only a natural
choice but also offer great promise. Prime examples are
single trapped atoms [7, 8], ions [9, 10], single molecules
[11–15] and solid-state-based systems such as quantum
dots [16–19] or color centers in diamond [20–22]. How-
ever, only a small fraction of the emitted photons can be
collected even with high numerical aperture lenses. This
limitation can be overcome by placing the single emit-
ter in a high-finesse optical cavity [23–33]. On the one
hand, a cavity enhances the single-photon emission into
the cavity mode via the Purcell effect [34]. On the other,
the emitted photon travels in a well-defined spatial mode,
such that it can be efficiently coupled into a single-mode
optical fiber for long-distance communication.
The most direct way for single-photon generation in
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an atom-cavity system is based on excitation of the sys-
tem with a laser pulse much shorter than the excited-
state lifetime, followed by the Purcell enhanced emission
into the cavity [34, 35]. In this case, the envelope of
the photonic wave packet is fixed, with its length set by
the cavity decay time. In contrast, a vacuum-stimulated
Raman adiabatic passage (vSTIRAP) [23, 36–38] allows
the frequency and wave packet shape of the photon to
be controlled over a wide range. The dynamics and the
efficiency of the single-photon generation process are gov-
erned by an interplay of cavity mode volume, transition
dipole matrix elements, temporal amplitude of the pump
pulse, and frequency detunings.
Here, we experimentally and theoretically study the
single-photon emission process from a single 87Rb atom
on the D1 and D2 lines at 795 nm and 780 nm, respec-
tively. The main focus is on the achievable efficiencies
while tuning the frequency and wave packet envelope of
the photon. We concentrate on the photon emission on
the respective F = 1↔ F ′ = 1 transition because it has
proven very useful for the generation of entangled photon
states [39, 40] and the establishment of remote matter-
matter entanglement [4]. The particular interest in the
tunability is motivated by the idea of hybrid quantum
network architectures in which different atomic systems
are connected via a photonic channel [41]. We find that
the vSTIRAP scheme works reliably and with high effi-
ciency over a large parameter range. We want to point
out that the reflectivity of our cavity mirrors is not iden-
tical, but a designated outcoupling mirror is employed
such that an intracavity photon is emitted into a single
propagating output mode with 89 % efficiency. This high
directionality and single-mode character of photon emis-
sion are of the utmost importance for the usefulness of
any single-photon source.
In our vSTIRAP scheme (Fig. 1), the cavity is resonant
with the F = 1↔ F ′ = 1 transition and a pi-polarized
control laser addresses the F = 2↔ F ′ = 1 transition.
Here, unprimed and primed labels refer to the 52S1/2
ground and the 52P excited states, respectively. With
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FIG. 1. (Color online) Level scheme of 87Rb for the D1 (left)
and D2 (right) lines at 795 and 780 nm, respectively (not to
scale). Shown are the Zeeman substates of the two hyper-
fine ground states F = 1, 2 and the excited state F ′ = 1. In
our scheme, the cavity is resonant with the F = 1 ↔ F ′ = 1
transition, whereas a pi-polarized control laser pulse (resonant
with the F = 2↔ F ′ = 1 transition) drives the single-photon
generation process. The numbers in circles indicate the rela-
tive transition probabilities.
all atomic population ideally initialized in the |F,mF 〉 =
|2, 0〉 hyperfine ground state, a successful population
transfer to F = 1 coincides with the deposition of a sin-
gle photon into the cavity mode. Simultaneously with
the photon generation, the cavity field decay with rate κ
then results in the emission of the photon into one well-
defined spatiotemporal mode.
The atomic level structures of the D1 and D2 lines ex-
hibit different characteristics. In our scheme, the D2 line
offers a five times stronger transition probability com-
pared to the D1 line. The atom-cavity coupling is ac-
cordingly a factor of
√
5 larger than that on the D1 line,
because the coupling between the atomic transition and
the cavity mode is proportional to the dipole matrix el-
ement of the transition. One can therefore expect that
the larger coupling constant g on the D2 line goes along
with higher efficiencies for the emission of a single pho-
ton into the cavity. The D1 and D2 lines differ further in
terms of the number of excited hyperfine levels and their
mutual separation in frequency space. While on the D1
line there exist only two excited hyperfine levels sepa-
rated by 815 MHz, the D2 line reveals a more complex
structure. There are four excited hyperfine levels with
frequency splittings ranging from 72 to 267 MHz. Al-
though this rich level structure might not directly affect
the particular single-photon generation process described
in this paper, the presence and finite separation of addi-
tional excited hyperfine states can influence the fidelity
with which entanglement protocols or quantum memory
experiments can practically be implemented [4, 40–42].
II. EXPERIMENTAL IMPLEMENTATION
In our experiment (Fig. 2), a single 87Rb atom is
quasipermanently trapped inside a high-finesse optical
cavity [35]. The maximum atom-cavity coupling con-
detectors
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FIG. 2. (Color online) Individual 87Rb atoms are trapped
in a standing-wave dipole trap at the center of a high-finesse
optical cavity. Laser beams perpendicular to the cavity axis
are applied for optical cooling, state preparation (not shown),
and single-photon generation. Single photons emitted from
the cavity are coupled into a single-mode optical fiber and di-
rected to a detection setup. The atom is monitored on a CCD
camera by collecting light that is scattered primarily during
cooling intervals. A tiltable glass plate allows positioning of
the atom in the center of the cavity mode with µm precision.
The dimensions of the shown camera image are 15µm×19µm.
Inset: a typical second-order correlation function of the pho-
tons emitted from a single atom that was trapped for 30 s.
The detected photons show excellent suppression of coinci-
dence events: g(2)(0) = 2 %, consistent with our background
noise.
stants g/2pi for the relevant F = 1↔ F ′ = 1 transition
of the D1 and D2 line are 2.3 and 5.1 MHz, respectively.
With our cavity field and atomic polarization decay rates
κ/2pi = 2.8 MHz and γ/2pi = 3 MHz our system operates
in the intermediate-coupling regime of cavity QED. The
transmission of the cavity mirrors is asymmetric such
that photons preferentially exit the resonator through
the higher transmission mirror. The output direction-
ality of (89 ± 2) % is the ratio of the transmission of
the outcoupling mirror and the total round-trip losses
including transmission. The latter are inferred from in-
dependent measurements of the cavity linewidth and its
free spectral range, while the transmission of the out-
coupling mirror is determined from measurements of the
cavity transmission and reflection [43]. The cavity out-
put mode is coupled efficiently into a single-mode op-
tical fiber and directed to a detection setup consisting
of single-photon counting modules (SPCM). The total
detection probability for a single photon present in the
cavity was (27.8 ± 1.6) % and (16 ± 1.6) % for the mea-
surements at 780 and 795 nm, respectively. These values
are the product of the output directionality of the cavity,
the transmission of the optical path, and the quantum
efficiency of the SPCMs. The transmission of the opti-
cal path is determined using a probe beam transmitted
through the cavity. The SPCMs are calibrated against a
laser power meter using optical attenuators of well-known
3transmission. The uncertainty in the calibration of the
employed laser power meter is the main systematic error
in our measurements of the photon generation efficiency
(relative error of ±5 %).
The trapping potential for the single atoms is provided
by a horizontal standing-wave dipole trap at 1064 nm
(power 2.5 W, linear polarization, 3 mK trap depth de-
duced from a measured Stark shift on the D2 |2, 0〉 ↔
|1, 0〉 transition of 110 MHz). Intracavity light at 785 nm
(linear polarization) is used to stabilize the length of the
cavity to be resonant with the F = 1↔ F ′ = 1 atomic
transition of the D1 or D2 line. The resulting dipole
potential (depth ≤ 0.1 mK) is much shallower than the
trap at 1064 nm. Typical atom trapping times are tens
of seconds. The atoms in the cavity are monitored by
collecting fluorescence light (which is primarily emit-
ted during the cooling intervals) with a high numeri-
cal aperture (NA) lens system (NA=0.4, spatial resolu-
tion 1.3µm) and imaging it onto an electron multiplying
charge-coupled-device (EMCCD) camera. By tilting a
5-mm-thick glass plate in front of the retroreflecting mir-
ror for the 1064 nm standing-wave dipole trap, an atom
in the trap can be shifted longitudinally such that along
this axis it is trapped in the center of the cavity mode
[44]. Nevertheless, because of its finite temperature, the
atom moves considerably along the cavity axis resulting
in an effective coupling constant geff averaged over the
periodic structure of the cavity mode function. In addi-
tion, the atomic motion in the dipole trap potential also
leads to a varying Stark shift and therefore alters the
resonance frequency of the atomic transitions.
The photon generation scheme is experimentally im-
plemented as follows. Once a single atom is trapped in
the cavity, we optically pump it into the |F,mF 〉 = |2, 0〉
Zeeman state with an estimated efficiency of 0.9. We
define the quantization axis to coincide with the cavity
axis. Next, a single photon is generated by driving the
Raman passage via a pi-polarized control laser pulse prop-
agating perpendicular to the cavity axis. The repeated
application of this protocol (repetition rate 10 kHz) with
intermittent cooling intervals results in a stream of sin-
gle photons emitted from the atom-cavity system. The
second-order correlation function g(2)(τ) for the photons
produced from one single atom that was trapped in the
cavity for 30 s is shown in the inset of Fig. 2. The de-
tected photons show clear antibunching as coincidence
events at τ = 0 are only 2 % of those at τ 6= 0. This
number is consistent with the combined background and
dark count rate of our detectors and therefore proves the
perfect single-photon character of our source.
III. SIMULATION
We theoretically study the single-photon generation
process for the parameters of our particular atom-cavity
system in order to derive ideally expectable generation
efficiencies and to identify crucial parameters. The ef-
ficiency of the vSTIRAP is directly related to the ro-
bustness of the associated dark state which is a coherent
superposition of the coupled hyperfine ground states. In
the strong-coupling regime of cavity QED, where the co-
operativity parameter C = g2/(2κγ) 1, the dark state
is very robust with negligible admixture of any excited
state. In this parameter regime, single-photon generation
can be expected with efficiencies close to unity. The situ-
ation is different for a cavity system that operates in the
intermediate- or even weak-coupling regime, where the
emission process is no longer an ideal vSTIRAP. Partial
population of the excited states followed by spontaneous
decay dramatically alters the dynamics of the emission
process. As a consequence, its theoretical description re-
quires all Zeeman substates of the two hyperfine ground
states and the excited F ′ = 1 hyperfine state to be taken
into account. Additional excited hyperfine states besides
F ′ = 1 are not considered, since these levels play a neg-
ligible role for the particular photon generation process
described in this paper.
In our simulation, we start with all the population in
the |2, 0〉 Zeeman state and with n = 0 photons in the
cavity mode. The density matrix ρ(t) of the coupled sys-
tem can be determined by numerically solving the time-
dependent Master equation, where the decay of the in-
tracavity field with rate κ and the spontaneous atomic
polarization decay from F ′ = 1 with rate γ are included
as Liouvillian terms. The knowledge of ρ(t) allows for
the calculation of the photon generation efficiency into
the cavity,
η = 2κ
∫
Tr
(
a†a ρ(t)
)
dt . (1)
Here, a† (a) denotes the creation (annihilation) operator
for a photon in the cavity mode.
As a first result, the dependence of the single-photon
generation efficiency on the atom-cavity coupling g is
shown in Fig. 3(a). In the simulation, the Rabi frequency
of the control laser is linearly increased for 3µs up to a
final value of Ωmaxc /2pi = 10 MHz. The final Rabi fre-
quency is chosen such that at the end of the process no
population is left in |2, 0〉. The curves for both the D1
and D2 lines increase monotonically and the efficiency
approaches unity once the atom-cavity coupling is suffi-
ciently larger than the decay rates γ and κ. For a given
atom-cavity coupling, the efficiencies achievable on the
D1 line are higher than those on the D2 line. For a given
cavity, however, the coupling of a particular atomic tran-
sition to the cavity scales with its transition dipole matrix
element. The ratio in g for the F = 1↔ F ′ = 1 transi-
tion on the D2 and D1 lines is
√
5 (see Fig. 1). For that
reason the same cavity gives rise to different couplings
for the respective atomic transitions as indicated by the
vertical dashed lines. For our cavity, the simulation pre-
dicts maximum single-photon generation efficiencies of
74 % (D1 line) and 87 % (D2 line).
Beyond the absolute efficiencies, the simulation gives
further insight into the dynamics of the photon emission
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FIG. 3. (Color online) Theoretical results. (a) The single-
photon generation efficiency into the cavity η increases mono-
tonically with g, asymptotically approaching unity for strong
coupling. The vertical dashed lines represent the parameter
set of our cavity setup for atoms maximally coupled to our
cavity mode. The expected maximum efficiencies on the D1
and D2 lines are 74 % and 87 %, respectively. (b) Correspond-
ing cavity population n = a†a ρ(t) (solid lines) representing
the single-photon temporal wave packet shape and excited-
state population (dashed lines). The green dotted line re-
flects the profile of the 3µ-s-long control laser pulse linearly
increasing in Rabi frequency. Parameters: κ = 2pi× 2.8 MHz,
γ = 2pi × 3.0 MHz.
process. First of all, the robustness of the dark state
depends on the absolute value of the atom-cavity cou-
pling g. As a consequence, the larger g is for the re-
spective transition, the less population is transferred to
the excited state F ′ = 1 during the photon-generation
process. This is clearly reflected in Fig. 3(b). Here, the
population of the cavity is represented by the solid lines,
whereas the dashed lines display the excited-state pop-
ulation. The higher coupling on the D2 line not only
delays the emission of the photon from the cavity but
also results in less excited-state population than on the
D1 line. Excited-state population and successive spon-
taneous decay paths play a crucial role for the dynamics
and—in terms of efficiency—are the main limitations of
the studied process. Population in the excited state can
decay via emission of a photon into the cavity, which is
enhanced via the Purcell effect, or by emission of a pho-
ton into free space. However, in our parameter regime
only 0.7 % (D1 line) and 1.2 % (D2 line) of the excited-
state population finally result in population of the cavity
field and are therefore practically negligible. This argu-
ment holds as long as the increase of the control laser
pulse intensity is sufficiently slow that the excited state
is not immediately populated [35].
The single-photon generation process is finished once
the atom is decoupled from the control laser field and the
cavity mode. This applies in particular for the atomic hy-
perfine state F = 1 and the two Zeeman states |2,±2〉
(see Fig.1). The transfer of population into these atomic
states without emission of a photon into the cavity is pos-
sible via spontaneous decay from the excited state F ′ = 1.
The respective transition probabilities and branching ra-
tios on the D1 and D2 lines result in a different dynamical
behavior and different atomic levels that are preferen-
tially populated. On the D2 line, a branching ratio of
5:1 clearly favors the free-space decay into the F = 1 hy-
perfine ground state over the F = 2 ground state. This
process limits the achievable photon generation efficiency.
The situation is different on the D1 line where a larger
fraction of atomic population is transferred to the excited
state during the photon generation process. The excited-
state population is comparable to the cavity population
and each photon emitted into the cavity goes along with
1.06 photons emitted into free space. With a branch-
ing ratio of 1:5, the preferred decay path leads to the
F = 2 hyperfine ground state. The atom is hence reini-
tialized in one of the F = 2 Zeeman states and can be
addressed again by the control laser. This repeated re-
distribution of atomic population can transfer the atom
into the |2,±2〉 states, where it is then decoupled from
the pi-polarized control laser. On the D1 line, this optical
pumping mechanism limits the efficiency of the photon
generation process.
IV. EXPERIMENTAL RESULTS
In a first measurement, we study the influence of max-
imum control laser Rabi frequency on the single-photon
generation efficiency. The applied pump pulse is 3µs
long and its Rabi frequency has been measured to fol-
low a function ∝ t0.75 in time up to the maximum value
Ωmaxc . As displayed in Fig. 4(a), the measured data for
the D1 line at 795 nm and the D2 line at 780 nm show
similar behavior. In the regime of weak pumping, the
efficiency increases with Rabi frequency, as the atomic
population transfer from F = 2 to F = 1 is still incom-
plete. At sufficiently high control laser Rabi frequencies,
the completion of the population transfer is indicated by
a single-photon wave packet that becomes shorter than
the length of the control laser pulse [Fig. 4(b)]. Here, the
generation efficiency saturates at 34 % (D1 line) and 56 %
(D2 line), respectively.
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FIG. 4. (Color online) Photon generation efficiency into the
cavity versus maximum control laser Rabi frequency for a 3-µ-
s long pump pulse. (a) For low Ωmaxc the population transfer
between the two hyperfine ground states is still incomplete.
The generation efficiency therefore rises for increasing peak
Rabi frequency until it levels off at the respective maximum
observed efficiencies. Error bars are mainly due to the sys-
tematic uncertainty of our single-photon detection efficiency,
while the statistical error is negligible. Dashed lines repre-
sent the corresponding theory curves for an average coupling
constant of 0.5 gmax. (b) The histograms display the arrival
time distribution of single photons for different control laser
pulses (their Rabi frequency is sketched as a dashed line) on
the D1 line at 795 nm. The steepness of the pump pulse di-
rectly translates into the length of the emitted photon wave
packet.
In comparison with the simulation where we assumed
maximum atom-cavity coupling, the measured genera-
tion efficiencies in our system are consistently lower. As
already discussed in Sec. II, the atomic motion along the
cavity axis reduces the coupling constant to an average
value of 0.5 gmax as has been observed in various experi-
mental situations [45, 46]. As a consequence, the excited
state is significantly populated. The calculated efficien-
cies for the reduced coupling of 0.5 gmax are shown as
dashed lines in Fig. 4(a). To reach the higher values
predicted in Sec. III, the effective coupling needs to be
increased to gmax. This can be achieved via better lo-
calization of the atom at an antinode of the cavity mode
function using stronger confinement along the cavity axis
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FIG. 5. (Color online) Photon generation efficiency into the
cavity as a function of virtual level detuning ∆ with respect
to the Stark-shifted atomic transition. High and nearly con-
stant efficiency is achieved for the production of single photons
tuned over a range of many tens of MHz. Dashed lines rep-
resent the theoretical prediction for an assumed atom-cavity
coupling geff = 0.5 gmax.
[47].
The single-photon wave-packet shape can be tailored
by different temporal profiles of the pump pulse inten-
sity, as is exemplified in Fig. 4(b). The histograms rep-
resent the detection time distribution of single photons
generated on the D1 line and are therefore the ensem-
ble average of the single-photon wave packet shape. The
difference between the three scenarios is the maximum
Rabi frequency of the control laser pulse reached after
3 µs and hence the steepness of the applied pulse (dashed
lines). The steeper the slope, the shorter is the tempo-
ral extension of the wave packet. We are able to deliver
photons with a full width at half maximum ranging from
250 ns up to several microseconds, while the efficiency of
the photon generation process remains unaffected. The
vSTIRAP technique allows for the control not only of
the length of the photon but also of its overall shape by
tailoring the control laser power [24, 32].
To generate photons of different frequency, simultane-
ous tuning of the cavity resonance and the control laser
frequency is required. While there is a strong depen-
dence of the single-photon generation efficiency η on the
two-photon detuning [48], it is very robust with respect
to the detuning ∆ from the Stark-shifted atomic transi-
tion (Fig. 5). The dashed lines represent the theoretical
prediction for an atom-cavity coupling of 0.5 gmax. It is
evident that the frequency of the photon is tunable over
a wide range of more than 100 MHz while the generation
efficiency remains almost unaffected. The applied control
laser pulse is again 3µs long with a maximum Rabi fre-
quency Ωmaxc of 15 MHz (D1 line) and 26 MHz (D2 line),
respectively. It has been verified that a decrease of the
photon generation efficiency for larger detunings is re-
lated to an incomplete population transfer from F = 2 to
6F = 1. Compensating for this with higher Ωmaxc should
be possible, however it could not be observed with the
available control laser powers.
V. CONCLUSION
We have studied the efficiency and dynamics of single-
photon emission on the D1 and D2 lines of
87Rb using
a vSTIRAP. The high efficiencies achieved for triggered
production of single photons into a single, free-space
mode are of great importance for all practical applica-
tions of single-photon sources, as single photons gener-
ated inside the cavity mode can be coupled into a single-
mode optical fiber with an overall efficiency above 0.8.
The vSTIRAP technique allows for a broad range of
single-photon wave-packet shapes and fine tuning of the
photon frequency at nearly constant efficiency. Very re-
cently, we have studied the wave-packet overlap of pho-
tons generated from two independent systems using this
technique [49]. In a Hong-Ou-Mandel-type setup, we find
an interference contrast of 64 %. We expect this value to
increase significantly when fluctuations in the coupling
strength and Stark shift are eliminated via better local-
ization of the atom along the cavity axis and cooling to
the motional ground state [47]. By theoretical modeling,
we show that also even higher generation efficiencies are
expected with our current cavity setup once these tech-
niques are combined with single-photon generation.
ACKNOWLEDGMENTS
We thank H. P. Specht for fruitful discussions and
C. J. Villas-Boas and E. Figueroa for their contributions
to the theoretical model. This work was supported by the
Deutsche Forschungsgemeinschaft (Research Unit 635),
by the European Union (Collaborative Projects AQUTE
and SIQS), and by the Bundesministerium fu¨r Bildung
und Forschung via IKT 2020 (QK QuOReP).
[1] E. Knill, R. Laflamme, and G. J. Milburn, Nature 409,
46 (2001).
[2] P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P.
Dowling, and G. J. Milburn, Rev. Mod. Phys. 79, 135
(2007).
[3] H. J. Kimble, Nature 453, 1023 (2008).
[4] S. Ritter, C. No¨lleke, C. Hahn, A. Reiserer, A. Neuzner,
M. Uphoff, M. Mu¨cke, E. Figueroa, J. Bochmann, and
G. Rempe, Nature 484, 195 (2012).
[5] M. D. Eisaman, J. Fan, A. Migdall, and S. V. Polyakov,
Rev. Sci. Instrum. 82, 071101 (2011).
[6] A. Christ and C. Silberhorn, Phys. Rev. A 85, 023829
(2012).
[7] B. Darquie´, M. P. A. Jones, J. Dingjan, J. Beugnon,
S. Bergamini, Y. Sortais, G. Messin, A. Browaeys, and
P. Grangier, Science 309, 454 (2005).
[8] J. Hofmann, M. Krug, N. Ortegel, L. Ge´rard, M. Weber,
W. Rosenfeld, and H. Weinfurter, Science 337, 72 (2012).
[9] P. Maunz, D. L. Moehring, S. Olmschenk, K. C. Younge,
D. N. Matsukevich, and C. Monroe, Nat. Phys. 3, 538
(2007).
[10] S. Gerber, D. Rotter, M. Hennrich, R. Blatt, F. Rohde,
C. Schuck, M. Almendros, R. Gehr, F. Dubin, and J. Es-
chner, New J. Phys. 11, 013032 (2009).
[11] C. Brunel, B. Lounis, P. Tamarat, and M. Orrit, Phys.
Rev. Lett. 83, 2722 (1999).
[12] B. Lounis and W. E. Moerner, Nature 407, 491 (2000).
[13] T.-H. Lee, P. Kumar, A. Mehta, K. Xu, R. M. Dickson,
and M. D. Barnes, Appl. Phys. Lett. 85, 100 (2004).
[14] J.-B. Trebbia, H. Ruf, P. Tamarat, and B. Lounis, Opt.
Express 17, 23986 (2009).
[15] R. Lettow, Y. L. A. Rezus, A. Renn, G. Zumofen, E. Iko-
nen, S. Go¨tzinger, and V. Sandoghdar, Phys. Rev. Lett.
104, 123605 (2010).
[16] C. Santori, M. Pelton, G. Solomon, Y. Dale, and Y. Ya-
mamoto, Phys. Rev. Lett. 86, 1502 (2001).
[17] R. B. Patel, A. J. Bennett, I. Farrer, C. A. Nicoll, D. A.
Ritchie, and A. J. Shields, Nat. Photonics 4, 632 (2010).
[18] E. B. Flagg, A. Muller, S. V. Polyakov, A. Ling,
A. Migdall, and G. S. Solomon, Phys. Rev. Lett. 104,
137401 (2010).
[19] C. Matthiesen, A. Vamivakas, and M. Atatu¨re, Phys.
Rev. Lett. 108, 093602 (2012).
[20] T. Gaebel, I. Popa, A. Gruber, M. Domhan, F. Jelezko,
and J. Wrachtrup, New J. Phys. 6, 98 (2004).
[21] E. Wu, J. R. Rabeau, G. Roger, F. Treussart, H. Zeng,
P. Grangier, S. Prawer, and J.-F. Roch, New J. Phys. 9,
434 (2007).
[22] H. Bernien, L. Childress, L. Robledo, M. Markham,
D. Twitchen, and R. Hanson, Phys. Rev. Lett. 108,
043604 (2012).
[23] A. Kuhn, M. Hennrich, and G. Rempe, Phys. Rev. Lett.
89, 067901 (2002).
[24] M. Keller, B. Lange, K. Hayasaka, W. Lange, and
H. Walther, Nature 431, 1075 (2004).
[25] J. McKeever, A. Boca, A. D. Boozer, R. Miller, J. R.
Buck, A. Kuzmich, and H. J. Kimble, Science 303, 1992
(2004).
[26] H. G. Barros, A. Stute, T. E. Northup, C. Russo, P. O.
Schmidt, and R. Blatt, New J. Phys. 11, 103004 (2009).
[27] P. Michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P. M.
Petroff, L. Zhang, E. Hu, and A. Imamog˘lu, Science 290,
2282 (2000).
[28] C. Santori, D. Fattal, J. Vuckovic, G. S. Solomon, and
Y. Yamamoto, Nature 419, 594 (2002).
[29] W.-H. Chang, W.-Y. Chen, H.-S. Chang, T.-P. Hsieh,
J.-I. Chyi, and T.-M. Hsu, Phys. Rev. Lett. 96, 117401
(2006).
[30] D. Press, S. Go¨tzinger, S. Reitzenstein, C. Hofmann,
A. Lo¨ffler, M. Kamp, A. Forchel, and Y. Yamamoto,
Phys. Rev. Lett. 98, 117402 (2007).
[31] A. Dousse, J. Suffczyn´ski, A. Beveratos, O. Krebs,
A. Lemaˆıtre, I. Sagnes, J. Bloch, P. Voisin, and P. Senel-
lart, Nature 466, 217 (2010).
[32] P. B. R. Nisbet-Jones, J. Dilley, D. Ljunggren, and
A. Kuhn, New J. Phys. 13, 103036 (2011).
7[33] O. Gazzano, S. Michaelis de Vasconcellos, C. Arnold,
A. Nowak, E. Galopin, I. Sagnes, L. Lanco, A. Lemaˆıtre,
and P. Senellart, Nat. Comm. 4, 1425 (2013).
[34] E. M. Purcell, Phys. Rev. 69, 674 (1946).
[35] J. Bochmann, M. Mu¨cke, G. Langfahl-Klabes, C. Erbel,
B. Weber, H. P. Specht, D. L. Moehring, and G. Rempe,
Phys. Rev. Lett. 101, 223601 (2008).
[36] C. K. Law and H. J. Kimble, J. Mod. Opt. 44, 2067
(1997).
[37] A. Kuhn, M. Hennrich, T. Bondo, and G. Rempe, Appl.
Phys. B 69, 373 (1999).
[38] M. Hennrich, T. Legero, A. Kuhn, and G. Rempe, J.
Mod. Opt. 50, 935 (2003).
[39] T. Wilk, S. C. Webster, A. Kuhn, and G. Rempe, Science
317, 488 (2007).
[40] B. Weber, H. P. Specht, T. Mu¨ller, J. Bochmann,
M. Mu¨cke, D. L. Moehring, and G. Rempe, Phys. Rev.
Lett. 102, 030501 (2009).
[41] M. Lettner, M. Mu¨cke, S. Riedl, C. Vo, C. Hahn, S. Baur,
J. Bochmann, S. Ritter, S. Du¨rr, and G. Rempe, Phys.
Rev. Lett. 106, 210503 (2011).
[42] H. P. Specht, C. No¨lleke, A. Reiserer, M. Uphoff,
E. Figueroa, S. Ritter, and G. Rempe, Nature 473, 190
(2011).
[43] C. J. Hood, H. J. Kimble, and J. Ye, Phys. Rev. A 64,
033804 (2001).
[44] S. Nußmann, M. Hijlkema, B. Weber, F. Rohde,
G. Rempe, and A. Kuhn, Phys. Rev. Lett. 95, 173602
(2005).
[45] J. Bochmann, M. Mu¨cke, C. Guhl, S. Ritter, G. Rempe,
and D. L. Moehring, Phys. Rev. Lett. 104, 203601 (2010).
[46] M. Mu¨cke, E. Figueroa, J. Bochmann, C. Hahn, K. Murr,
S. Ritter, C. J. Villas-Boas, and G. Rempe, Nature 465,
755 (2010).
[47] A. Reiserer, C. No¨lleke, S. Ritter, and G. Rempe, Phys.
Rev. Lett. 110, 223003 (2013).
[48] M. Hennrich, T. Legero, A. Kuhn, and G. Rempe, Phys.
Rev. Lett. 85, 4872 (2000).
[49] C. No¨lleke, A. Neuzner, A. Reiserer, C. Hahn, G. Rempe,
and S. Ritter, Phys. Rev. Lett. 110, 140403 (2013).
